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On infection of its host, Escherichia coli, bacteriophage l can follow one of two alternative developmental pathways: lytic
or lysogenic. Here we demonstrate that the “lysis-versus-lysogenization” decision is influenced by guanosine tetraphosphate
(ppGpp), a nucleotide that is synthesized in E. coli cells in response to amino acid or carbon source starvation. We found that
the efficiency of lysogenization is the highest at ppGpp concentrations somewhat higher than the basal level; too low and too
high levels of ppGpp result in less efficient lysogenization. Maintenance of the already integrated l prophage and phage lytic
development were not significantly influenced in the host lacking ppGpp. We found that the level of HflB/FtsH protease,
responsible for degradation of the CII protein, an activator of “lysogenic” promoters, depends on ppGpp concentration. The
highest levels of HflB/FtsH was found in bacteria lacking ppGpp and in cells bearing increased concentrations of this
nucleotide. Using lacZ fusions, we investigated the influence of ppGpp on activities of l promoters important at the stage of
the lysis-versus-lysogenization decision. We found that each promoter is regulated differentially in response to the abun-
dance of ppGpp. Moreover, our results suggest that the cAMP level may influence ppGpp concentration in cells. The
mechanism of the ppGpp-mediated control of l development at the stage of the lysis-versus-lysogenization decision may be
explained on the basis of differential influence of guanosine tetraphosphate on activities of pL, pR, pE, p I, and paQ promoters
and by dependence of HflB/FtsH protease level on ppGpp concentration. © 1999 Academic Press
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Bacteriophage l serves as a paradigm of molecular
echanisms of many general biological processes, such
s repression and induction of transcription initiation,
ntitermination of transcription, site-specific recombina-
ion, and a role for chaperone proteins in macromolecu-
ar assembly and DNA replication. Moreover, it is the
implest model for studies on the control of development
for a review, see Taylor and We˛grzyn, 1998).
There are two alternative pathways for bacteriophage
development on injection of its genome into Esche-
ichia coli cell. The lytic cycle consists of phage DNA
eplication and expression of the phage late genes (i.e.,
enes coding for head and tail proteins and for proteins
ausing lysis of the host cell). Alternatively, the phage
enome may be incorporated into a specific site of the
ost genome forming a stable prophage. Such a lyso-
enic cell can survive for many generations carrying an
ntegrated phage genome that is replicated as a part of
he bacterial chromosome. The “lysis-versus-lysogeniza-
ion” decision is a crucial step in the phage life cycle
ecause the proper choice should ensure optimal phage
ropagation. This decision is governed by transcriptional
egulators whose actions are presented schematically in
ig. 1. Generally, activities of pL and pR promoters, which
1 To whom reprint requests should be addressed. Fax: 48-58-301-
g072. E-mail: wegrzyn@biotech.univ.gda.pl.
431re repressed by the CI protein, are necessary for the
ytic cycle, whereas efficient lysogenization requires
timulation of pE, p I, and paQ promoters by the CII protein.
rophage maintenance is efficient only when cI gene is
xpressed at high levels from the pM promoter. This
romoter is repressed by the Cro protein, but it is also
timulated by CI, thus the cI gene product acts as a
ositive regulator of its own promoter (for a review, see
aylor and We˛grzyn, 1998).
The decision of whether to enter the lytic cycle or to
ysogenize the host cell must reflect the current physio-
ogical state of the host cell being infected by l phage;
he intracellular conditions depend in turn on the envi-
onment. There are many conditions that influence which
evelopmental mode will be chosen by the infecting l
hage, however, our knowledge about them is highly
ncomplete. On the other hand, this seems to be an
mportant problem because understanding of molecular
echanisms by which environmental signals influence
elicate balance between expression of genes involved
n the lysis-versus-lysogenization decision may allow us
o build a considerably more detailed model for the
ontrol of viral development.
It is known that infection of one host cell by only one
hage particle [i.e., low multiplicity of infection (m.o.i.)]
avors the lytic cycle, contrary to high m.o.i. This is due to
he fact that the most important activator protein neces-
ary for the establishment of the prophage, CII, is de-
raded by the host HflB/FtsH protease (Herman et al.,
0042-6822/99 $30.00
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432 SŁOMIN´SKA, NEUBAUER, AND WE˛GRZYN993), and l codes for an inhibitor of this protease, the
III protein. Because HflB/FtsH protease is encoded by
single copy chromosomal gene, infection of a single
ell by many phages results in the appearance of many
opies of the cIII gene, and in turn, it causes an in-
reased level of CIII protein and a more efficient inhibi-
ion of the protease. This results in a higher stability of
II, which leads to establishment of the CI repressor
ynthesis and subsequent lysogenization of the host cell
see Taylor and We˛grzyn, 1998, and references therein).
uring infection at low temperature, the lytic cycle is
locked, whereas lysogenization proceeds efficiently. It
as found that the CII protein is considerably more
table at low temperature; thus in these conditions, the
ysogenic pathway is preferred (Obuchowski et al.,
997a; Gabig et al., 1998a).
Another factor influencing the lysis-versus-lysogeniza-
ion decision is growth rate of the host cell. Higher
fficiency of lysogenization is observed when host cells
re incubated during infection at poor growth conditions
han in rich media (for a review, see Taylor and We˛grzyn,
998). However, the mechanism by which nutritional
rowth conditions of the host cell influence the lysis-
ersus-lysogenization decision is not clear. On the basis
f genetic studies (Belfort and Wulff, 1974), it was pro-
osed that cAMP, an alarmone that is produced in E. coli
uring its response to energetically poor growth condi-
ions, negatively regulates activity of the CII-digesting
flB/FtsH protease; thus this nucleotide could indirectly
timulate lysogenization (Herskowitz, 1985). Apart from
AMP, it is another alarmone, guanosine 59-diphosphate-
FIG. 1. A simplified transcriptional map of the bacteriophage l gen
ndicated. Transcripts are marked as thick arrows. The main promoters
romoters important during the lysis-versus-lysogenization decision is s
arrow arrows, and repression of transcription by proteins marked in f
t tL1 as well as tR1 and more distal terminators. Q-dependent antiterm9-diphosphate (called also guanosine tetraphosphate, mr ppGpp), that could play a role in making the lysis-
ersus-lysogenization decision. This alarmone is the
ain effector of the stringent response, a response of
acterial cells to amino acid starvation, although the
evel of ppGpp also increases in cells deprived of a
arbon source (for a review, see Cashel et al., 1996). In E.
oli, ppGpp synthesis can be catalyzed by two enzymes.
he relA gene product, ppGpp synthetase I, is a ribo-
ome-bound enzyme activated on amino acid starvation
ue to the interaction of uncharged tRNAs with codons at
he ribosomal A site, leading to ribosome idling. The
poT gene product, ppGpp synthetase II, is responsible
or ppGpp synthesis in a ribosome-independent manner
uring carbon source limitation (Hernandez and Bremer,
991; Xiao et al., 1991; Gentry and Cashel, 1996; Murray
nd Bremer, 1996). SpoT is a bifunctional protein capable
f both ppGpp synthesis and hydrolysis, yet it acts as the
ain enzyme that degrades ppGpp. Double mutants
relA DspoT do not produce ppGpp at all, and such a
henotype is called ppGppo (Hernandez and Bremer,
991; Xiao et al., 1991).
Guanosine tetraphosphate interacts with RNA poly-
erase (Reddy et al., 1995; Chatterji et al., 1998), which
ltimately leads to the inhibition of stable RNA (rRNAs
nd tRNAs) synthesis and to the inhibition or activation of
ifferent mRNAs synthesis (for a review, see Cashel et
l., 1996). Therefore, we suspected that ppGpp concen-
ration might affect the choice between the two develop-
ental pathways of bacteriophage l. In fact, it was
bserved that l forms clear plaques on the host reveal-
ng ppGppo phenotype (A. B. Oppenheim, personal com-
he most important genes and their roles in phage development are
terminators (t) are presented. Regulation of transcription initiation from
activation of transcription by proteins marked in frames is depicted by
is depicted by blunt-ended lines. N-dependent antitermination occurs
occurs at the tR’1 terminator. The scheme is not drawn to scale.ome. T
(p) and
hown:
ramesunication), indicating that lysogenization is impaired in
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433ppGpp AND BACTERIOPHAGE l DEVELOPMENThese conditions. Thus the aim of this work was to
nvestigate mechanisms by which ppGpp influences the
ysis-versus-lysogenization decision.
RESULTS
acteriophage l lytic and lysogenic development
n ppGppo host
Bacteriophage l forms clear plaques on E. coli DrelA
spoT (ppGppo) strain (A. B. Oppenheim, personal com-
unication), which indicates that lysogenic development
s impaired in this host. The lytic growth of bacteriophage
cIb2 (which is unable to follow the lysogenic develop-
ent) was not impaired in DrelA and DrelA DspoT strains
elative to the wild-type host (Fig. 2). In fact, even faster
hage growth at early times after infection could be
bserved in the ppGppo host (Fig. 2).
We measured efficiency of lysogenization of the wild-
ype, DrelA and DrelA DspoT hosts by lcI857S7 phage.
ecause nutrient growth conditions and multiplicity of
nfection affect efficiency of lysogenization considerably
FIG. 2. Lytic growth of bacteriophage lcIb2 in E. coli wild-type (F),
relA spoT1 (), and DrelA DspoT (f) hosts. Phages were added to
acterial culture growing in LB medium to an m.o.i. of 0.05. The results
re presented as PFU/infective center (IC).
T
Efficiency of Lysogenization of the E. coli Wild-Type,
Host
Normal growth conditionsb
m.o.i. 5 1 m.o.i. 5 5 m
elA1 spoT1 0.16 0.54
relA spoT1 0.22 0.50
relA DspoT 0.10 0.20
a An efficiency of lysogenization of 1 would represent 100% lysogen
verage values from at least two independent experiments. In all case
b Bacteria were grown in LB medium.
c Starvation was provoked by the centrifugation of bacteria growinghe TM buffer 30 min before phage addition.Taylor and We˛grzyn, 1998), we investigated the effi-
iency of lysogenization of cells growing in LB medium
nd in starved bacteria (starvation was provoked by
elleting cells growing in LB, washing and resuspending
acteria in a buffer) using different m.o.i. We checked
hat bacterial survival in the conditions used in these
xperiments does not differ significantly among all
ested strains (data not shown). We found that the effi-
iency of lysogenization of ppGppo host was significantly
ower relative to the wild-type and DrelA strains (Table 1).
ome effects of the single DrelA mutation were observed
nly in the experiments with starved bacteria. These
esults confirmed that lysogenization of the DrelA DspoT
ost by phage l is impaired, suggesting that ppGpp may
lay an important role in this process. Because the
ingle relA mutants contain normal basal levels of ppGpp
see, for example, Xiao et al., 1996; Cashel et al., 1996,
nd references therein), the effects of the DrelA mutation
n the efficiency of lysogenization occurred only during
tarvation, the conditions responsible for the activation
f the relA gene product (Cashel et al., 1996).
Decreased efficiency of lysogenization of the host
ells may result either from less efficient establishment
f the prophage or from impaired maintenance of the
lready established prophage. We measured mainte-
ance of the lcI857S7 prophage in the wild-type, DrelA,
nd DrelA DspoT hosts to find that frequency of sponta-
eous prophage induction is not increased in the
pGppo host; in fact it was even somewhat decreased
elative to the wild-type strain (Table 2). Moreover, plating
f bacteria lysogenic with a l phage bearing the cI857(ts)
utation at 43°C in the presence of anti-l serum re-
ealed very similar efficiency of prophage curing in all
ested strains (Table 2). These results indicate that es-
ablishment of the prophage, rather than prophage main-
enance, is impaired in the ppGppo host, suggesting that
pGpp may influence the lysis-versus-lysogenization de-
ision.
and DrelA DspoT Hosts by Bacteriophage lcI857S7
ncy of lysogenizationa
Starvationc
10 m.o.i. 5 1 m.o.i. 5 5 m.o.i. 5 10
0.56 0.74 0.88
0.40 0.58 0.38
0.06 0.10 0.12
g survivors, and presented values reflect this value. The results are
dard deviation was ,10%.
edium, washing the pellet with 0.9% NaCl, and resuspending cells inABLE 1
DrelA,
Efficie
.o.i. 5
0.80
0.84
0.24
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434 SŁOMIN´SKA, NEUBAUER, AND WE˛GRZYNpGpp level influences the lysis-versus-lysogenization
ecision
To measure the effect of ppGpp on the lysis-versus-
ysogenization decision in more detail, we used strains
ontaining different basal levels of ppGpp. It was dem-
nstrated previously (Sarubbi et al., 1988) that strains
elA1 spoT 1, relA1 spoT 1, relA1 spoT201, relA1 spoT202,
nd relA1 spoT203 growing in a minimal medium contain
ifferent basal levels of ppGpp (the lowest in the relA1
poT 1 strain and the highest in the relA1 spoT203 mu-
ant, respectively). This results in different growth rates of
hese strains (the highest for the relA1 spoT 1 strain and
he lowest for the relA1 spoT203 mutant, respectively).
e confirmed the above-described relationships of the
rowth rates and ppGpp content in all these strains
rowing in the same medium as described by Sarubbi et
l. (1988) (data not shown). However, using the HPLC
ethod (see Materials and Methods), we estimated in-
racellular ppGpp concentrations to be lower than those
eported by Sarubbi et al. (1988) (e.g., the highest basal
evel of ppGpp was found in the relA1 spoT203, and it
as estimated by us to be 18 pmol/OD600, contrary to
alue of ;40 pmol/OD600 reported by Sarubbi et al.,
988). We assume that these differences are due to the
se of two different methods for measurement of the
pGpp level [we used the HPLC method and Sarubbi et
l. (1988) used labeling with 32P and a thin-layer chroma-
ography technique]. Nevertheless, it is clear that the
bove-described strains contain different basal levels of
pGpp and are appropriate for the measurement of the
ffect of ppGpp on the efficiency of lysogenization. We
ound that too low and too high ppGpp concentrations in
he host cell result in decreased efficiency of lysogeni-
ation at high m.o.i. (Table 3). At low m.o.i., the differ-
nces were less pronounced due to relatively low effi-
iency of lysogenization in the relA1 spoT 1 host (data not
hown, but compare in Table 1).
Increased ppGpp levels in nonstarved cells may be
chieved in bacteria harboring plasmids that bear active
elA alleles under control of an inducible promoter (Svitil
t al., 1993). We used plasmids pALS10, pALS13, and
TABLE 2
Spontaneous Induction of the lcI857S7 Prophage and Efficiency of
hage Curing in the Wild-Type, DrelA, and DrelA DspoT Hosts Grow-
ng in LB Medium
Host
Spontaneous prophage
inductiona
Efficiency of
phage curingb
elA1 spoT1 3.1 3 1026 5.5 3 1025
relA spoT1 5.1 3 1027 4.9 3 1025
relA DspoT 4.6 3 1027 5.5 3 1025
a Values are given in PFU/1 host cell.
b Values are fractions of cured bacteria at 43°C.ALS14 bearing wild-type, truncated but still active, and sonactive relA alleles, respectively. Isopropyl b-D-thioga-
actoside (IPTG)-mediated induction of the overexpres-
ion of the active relA allele results in a significant
ncrease in the intracellular ppGpp level. We measured
he efficiency of lysogenization of cells overproducing
pGpp to different extents (achieved by 5-min induction
f the relA gene expression from pALS10 or pALS13 with
ifferent concentrations of IPTG) relative to the wild-type
ost (cells bearing plasmid pALS14 served as a control).
e found that the highest efficiency of lysogenization is
chieved when intracellular ppGpp concentration is a
ittle higher than the basal level found in a host growing
n standard laboratory conditions (not overproducing
pGpp) (Fig. 3). The differences were well pronounced at
ow m.o.i., due to the fact that at high m.o.i. the efficiency
f lysogenization of the wild-type host was relatively high
data not shown, but compare in Table 1).
The results presented in this subsection indicate that
he most efficient lysogenization by bacteriophage l oc-
urs when ppGpp level is slightly increased relative to
he conditions ensuring optimal growth rates of the host
ells.
ffects of ppGpp concentration on HflB/FtsH
rotease level
To investigate the mechanism of ppGpp-mediated reg-
lation of l development, we measured levels of the
flB/FtsH protease in cells bearing different concentra-
ions of ppGpp because this protease degrades the main
ctivator of promoters whose activities are necessary for
ysogenization (Herman et al., 1993). We found signifi-
antly increased level of HflB/FtsH in cells lacking
TABLE 3
Efficiency of Lysogenization of Strains Bearing Different Basal
Levels of ppGpp by Bacteriophage lcI857S7
Host
ppGpp concentration
(pmol/OD)a
Efficiency of
lysogenizationb
elA1 spoT1 3 0.12
elA1 spoT1 6 0.85
elA1 spoT201 9 0.48
elA1 spoT202 14 0.20
elA1 spoT203 18 0.14
a Intracellular concentration of ppGpp was measured by HPLC as
escribed in Materials and Methods. However, note that various meth-
ds of the measurement of ppGpp concentration in cells gave some-
hat different results. For example, the ppGpp level measured in the
elA1 spoT203 mutant by labeling with 32P and a thin-layer chromatog-
aphy technique was estimated to about 40 pmol/OD600 (Sarubbi et al.,
988), whereas we estimated ppGpp concentration with use of the
PLC method to be 18 pmol/OD600.
b Phages were added to bacterial cultures growing in a minimal
edium described by Sarubbi et al. (1988) to an m.o.i. of 10. An
fficiency of lysogenization of 1 would represent 100% lysogens among
urvivors, and presented values reflect this value.
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435ppGpp AND BACTERIOPHAGE l DEVELOPMENTpGpp relative to wild-type bacteria (Fig. 4). For estima-
ion of the effects of ppGpp on HflB/FtsH level, we used
he series of strains bearing different basal concentra-
ions of this nucleotide. We found that both low and high
pGpp levels result in increased amounts of HflB/FtsH in
ells (Fig. 5). Overproduction of ppGpp from a plasmid
verexpressing relA resulted in the HflB/FtsH level sim-
lar to that observed in the relA1 spoT203 strain (data not
hown).
pGpp-regulated transcription from bacteriophage l
romoters
Because ppGpp influences transcription from many
romoters (for a review, see Cashel et al., 1996), we
nvestigated the effects of both increased levels and a
ack of this nucleotide on the activity of bacteriophage l
romoters important at the stage of the lysis-versus-
ysogenization decision. It was previously demonstrated
hat ppGpp has relatively little effect on translation rates
r fidelity (Sorensen et al., 1994), thus we could estimate
he activities of certain promoters at normal growth con-
FIG. 3. Efficiency of lysogenization of the E. coli wild-type strain
earing different levels of ppGpp (due to overexpression of the relA
lleles) by bacteriopahge lcI857S7. Bacteria bearing plasmid pALS10
), pALS13 (), or pALS14 (F) were grown in LB medium. Phages were
dded to the bacterial cultures to an m.o.i. of 1. Before phage addition,
ultures were treated with indicated amounts of IPTG for 5 min, and
fter phage addition, incubation was performed for an additional 5 min
efore plating. An efficiency of lysogenization of 1 would represent
00% lysogens among survivors, and presented values reflect this
alue. The results presented are average values from at least two
ndependent experiments. In all cases, the standard deviation was
ower than 10%. Plasmid pALS10 bears a full-length relA gene under
ontrol of p tac, and plasmids pALS13 and pALS14 are derivatives of
ALS10 bearing the truncated but active and inactive relA genes,
espectively. (a) The dependence of the efficiency of lysogenization on
PTG concentration is shown for all three strains used. (b) The depen-
ence of the efficiency of lysogenization on ppGpp concentration (es-
imated by the HPLC method) is presented for the host bearing plasmid
ALS10; very similar results were obtained with bacteria bearing plas-
id pALS13, and in bacteria bearing plasmid pALS14, the addition of
PTG did not influence the level of ppGpp, which was measured to be
pmol/OD600.itions, during the lack of ppGpp and during overproduc- dion of ppGpp, by measurement of b-galactosidase ac-
ivities in bacteria harboring a lacZ gene being under
ontrol of investigated promoters, as described earlier
Wro´bel et al., 1998).
According to previously reported results (Wro´bel et al.,
998), we found that the pR promoter activity is signifi-
antly decreased in cells overproducing ppGpp (Table 4).
oreover, we demonstrated that a lack of ppGpp also
esults in lower activity of this promoter (Table 4).
Contrary to pR, the pL promoter was found previously to
e insensitive to high ppGpp concentrations (Josaitis et
l., 1995). We confirmed this observation, however, we
FIG. 4. The level of the HflB/FtsH protein in the E. coli cyaA1 DrelA
spoT (lane 1), cyaA1 DrelA spoT 1 (lane 2), cyaA1 relA1 spoT 1 (lane
), and DcyaA relA1 spoT 1 (lane 4) strains. Bacteria were grown in LB
edium to mid-log phase, and after cell lysis, the proteins from 4 3 108
ells/lane were separated during 12% SDS–PAGE. The HflB/FtsH pro-
ein was detected by Western blotting with specific antibodies.
FIG. 5. Effects of ppGpp concentration on the level of the HflB/FtsH
rotein. A series of E. coli strains bearing different basal levels of
pGpp (see Table 3) were used. Bacteria were grown in a minimal
edium described by Sarubbi et al. (1988), and HflB/FtsH was detected
s shown in Fig. 4. The intensity of bands after Western blotting was
easured by densitometry, and the values are provided in arbitraryensitometric units.
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436 SŁOMIN´SKA, NEUBAUER, AND WE˛GRZYNound that pL activity is decreased in the absence of
pGpp (Table 4).
More detailed studies performed with strains bearing
ifferent basal levels of ppGpp confirmed that low levels
f this nucleotide result in decreased activities of both pR
nd pL promoters (Fig. 6). Increased concentrations of
pGpp reduced significantly the pR promoter activity but
ot transcription from pL. In fact, moderate increase in
pGpp level stimulated activity of pL (Fig. 6).
To investigate activities of the promoters necessary for
he establishment of the prophage (pE, p I, and paQ), it was
ecessary to overproduce the CII protein that activates
hese promoters because without CII, all these promot-
rs are very weak (for a review, see Taylor and We˛grzyn,
998). To overexpress the cII gene, we used plasmid
MO23 (or its derivative, pMS001) carrying this gene as
ell as the cIII gene (coding for a protein responsible for
nhibition of the activity of a protease that degrades CII)
nder control of the p tac promoter. It was found previously
hat for maximal CII-mediated transcriptional activation,
verexpression of cII from pMO23 should be induced by
.1 mM IPTG (Gabig et al., 1998b). Because prolonged
verproduction of CII is lethal for E. coli (including strain
AM106, used as a progenitor of hosts in our experi-
ents with gene fusions; see Obuchowski et al., 1997c;
abig et al., 1998a), we measured b-galactosidase ac-
ivities in bacteria bearing appropriate fusion and pMO23
or its derivative, pMS001) up to 1 h after induction of cII
verexpression. We found that during this time, bacterial
rowth was inhibited to similar extent in all tested strains
data not shown).
Because we found that ppGpp concentration affects
he level of HflB/FtsH protease (responsible for CII deg-
adation), we estimated CII levels in all tested strains on
TABLE 4
Activities of pR and pL Promoters in Bacteria Lacking
and Overproducing ppGpp
ppGpp in the host cellsa
b-Galactosidase activityb
pR-lacZ pL-lacZ
asal ppGpp level 124 2097
o ppGpp 46 486
verproduction of ppGpp 24 2331
a The experiments were performed using cells bearing normal basal
evel of ppGpp, cells lacking ppGpp (DrelA DspoT mutant revealing
pGppO phenotype), and cells overproducing ppGpp from plasmid
HM675, which bears a truncated but active relA gene under the
ontrol of p tac. In experiments with the strain harboring this plasmid,
acteria were cultivated in the presence of 0.1 mM IP.TG in LB medium;
therwise, bacteria were grown in standard LB medium.
b b-Galactosidase activities are given in Miller units per single copy
f the fusion. The experiments were repeated at least two times, and in
ll cases the standard deviation was ,10%.verexpression of cII and cIII genes from pMO23 or pMS001. We observed similar levels of CII in all strains
fter SDS–PAGE of cell lysates (data not shown). The
ack of effect of different levels of HflB/FtsH on intracel-
ular amount of CII was most probably due to efficient cII
verexpression and simultaneous overproduction of CIII
rotein, an inhibitor of HflB/FtsH protease.
We found that both increased levels of ppGpp and a
ack of this nucleotide result in decreased activity of the
E promoter (Fig. 7a). The p I promoter was found to be
lightly inhibited by high ppGpp concentrations, and its
ctivity was decreased in the absence of this nucleotide
n cells (Fig. 7b). Interestingly, the paQ promoter was
ound to be more active in the ppGppo host as well as
uring overproduction of ppGpp relative to normal
rowth conditions (Fig. 7c).
More detailed studies on the dependence of pE, p I,
nd paQ activities on ppGpp concentration were possible
n experiments with the series of hosts bearing different
asal levels of this nucleotide. The activation of pE by CII
as of low efficiency at low and high ppGpp levels (Fig.
a). Similarly, the highest activation rate of p I was ob-
erved at a ppGpp concentration equal to or somewhat
igher than the normal basal level (Fig. 8b). Again, the
ighest activation efficiency of paQ was found at very low
nd relatively high ppGpp levels (Fig. 8c).
ombined effects of ppGpp and cAMP on the
ysis-versus-lysogenization decision
It was reported previously that cAMP level influences
he lysis-versus-lysogenization decision of phage l (Bel-
ort and Wulff, 1974). Therefore, we investigated a possi-
le relationship of the two signal nucleotides, ppGpp and
AMP, in phage l development. In accordance to previ-
usly published results (Belfort and Wulff, 1974), we
ound that lysogenization of a DcyaA1400::kan mutant,
nable to produce cAMP, is of very low efficiency (Table
FIG. 6. Effects of ppGpp level on activities of pR (a) and pL (b)
romoters. A series of E. coli strains bearing different basal levels of
pGpp (see Table 3) and harboring appropriate fusions were used.
acteria were grown in a minimal medium described by Sarubbi et al.
1988), and activities of b-galactosidase were measured in mid-log
hase of growth.
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437ppGpp AND BACTERIOPHAGE l DEVELOPMENT). Efficiency of lysogenization of a double mutant
cyaA1400::kan relA1 was similar to that measured in
he DcyaA1400::kan relA1 host. However, no lysogeniza-
ion was observed when triple mutant DcyaA1400::kan
elA1 spoT201 was investigated (Table 5).
We found that the cyaA malfunction has little effect on
flB/FtsH protease level (Fig. 4). We also measured
pGpp and cAMP levels in wild-type bacteria and cyaA,
elA and spoT mutants in conditions of amino acid limi-
ation (as defined by Wro´bel and We˛grzyn, 1997) that
rovoke moderate increase in ppGpp level in relA1 cells
ut not in relA mutants. We found that changes in ppGpp
oncentration had no significant effects on cAMP level
data not shown), however, a lack of cAMP resulted in
ecreased ppGpp concentration (Table 6).
To test whether cAMP affects lysogenization solely by
nfluencing ppGpp level, we measured efficiency of lyso-
enization of the DcyaA1400::kan mutant overexpressing
elA gene from a plasmid. The experiments were per-
ormed exactly as those depicted in Fig. 3. However, we
FIG. 7. Activation of the pE (a), p I (b), and paQ (c) promoters by CII
rotein in E. coli cells bearing normal basal level of ppGpp (F), cells
acking ppGpp (DrelA DspoT mutant revealing ppGppo phenotype) (f),
nd cells bearing a plasmid overexpressing the relA gene (). The
esults presented are average values from at least three independent
xperiments. In all cases, standard deviation was lower than 10%.
acteria were grown in LB medium. Overexpression of the relA gene
and thus overproduction of ppGpp) from plasmid pALS13 or pHM675
nd overexpression of the cII gene from plasmid pMO23 or pMS001
ere induced by the addition of IPTG to final concentration of 0.1 mM
t time 0. Plasmids pALS13 and pHM675 bear also the lacIq allele,
hich ensures repression of transcription of both relA and cII genes
ithout IPTG induction. In experiments with pMO23 or pMS001 and
ithout pALS13 or pHM675, plasmids pJMH1 or pMS421 (both plas-
ids bear lacIq) were used. The only difference between plasmids
MO23 and pMS001 is a kind of the antibiotic resistance gene, and one
f these plasmids was used depending on the compatibility of antibi-
tic resistance genes present on the plasmid and in the bacterial
hromosome. The same concerns plasmids pJMH1 and pMS421. Plas-
ids pALS13 and pHM675 bear different origins of replication and
ntibiotic resistance genes, and one of them was used depending on
hromosomal markers and other plasmid or plasmids present in the
ost. Activities of b-galactosidase were measured at indicated times,
nd the results are presented relative to the values calculated for
ninduced bacteria.ound very low efficiency of lysogenization of the ccyaA1400::kan mutant, even during relA gene overex-
ression (data not shown). Therefore, it seems that apart
rom decreased ppGpp level in the cyaA mutant, cAMP
an regulate the lysis-versus-lysogenization decision in
ppGpp-independent manner.
DISCUSSION
In this report, we demonstrate that ppGpp, an alarmon
ynthesized in E. coli cells in response to amino acid or
arbon source starvation, plays an important role in the
evelopment of bacteriopahge l at the stage of the
ysis-versus-lysogenization decision. Both a lack of
pGpp and too high concentrations of this nucleotide
FIG. 8. Effects of ppGpp level on activation of the pE (a), p I (b), and paQ
c) promoters by CII protein. The experiments were performed as
escribed in the legend to Fig. 7, but a series of E. coli strains bearing
ifferent basal levels of ppGpp (see Table 3) and harboring appropriate
usions and plasmids were used, and bacteria were grown in a minimal
edium described by Sarubbi et al. (1988). b-Galactosidase activities
ere measured before IPTG addition and 60 min after IPTG-mediated
nduction of cII gene expression. The presented results are values
easured 60 min after induction relative to the values calculated for
ninduced bacteria.
TABLE 5
Efficiency of Lysogenization of the E. coli Wild-Type Cells and the
cyaA, relA, and spoT Mutant Hosts by Bacteriophage lcI857S7
Host
Efficiency of lysogenizationa
Normal growth conditionsb Starvationc
yaA1 relA1 spoT 1 0.71 0.81
yaA1 relA1 spoT 1 0.71 0.73
cyaA relA1 spoT 1 0.02 0.03
cyaA relA1 spoT 1 0.02 0.02
cyaA relA1 spoT201 ,0.01 ,0.01
a Phages were added to bacterial cultures to an m.o.i. of 10. An
fficiency of lysogenization of 1 would represent 100% lysogens among
urvivors, and presented values reflect this value.
b Bacteria were grown in LB medium.
c Starvation was provoked by the centrifugation of bacteria growing
n LB medium, washing the pellet with 0.9% NaCl, and resuspending
ells in the TM buffer 30 min before phage addition.
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438 SŁOMIN´SKA, NEUBAUER, AND WE˛GRZYNesult in decreased efficiency of lysogenization of the
ost cells. A ppGpp level slightly higher than that ob-
erved in normal growth conditions is necessary for the
ost efficient lysogenization. These results clearly dem-
nstrate that ppGpp is an important factor in the choice
f one of two alternative pathways of bacteriophage l
evelopment. Classic procedure for achieving efficient
ysogenization of E. coli by bacteriophage l involves
hort-term starvation of bacteria by incubation of cells in
buffer (Arber et al., 1983). These conditions provoke
artial carbon source and amino acid starvation, leading
o some increase in ppGpp level in cells. This may be at
east a part of the mechanism of efficient lysogenization
bserved in these conditions.
We demonstrate that ppGpp influences expression of
he hflB/ftsH gene, coding for a protease responsible for
egradation of the main activator of “lysogenic” promot-
rs. Moreover, because ppGpp influences transcription
rom many promoters, we investigated the effects of an
ntracellular concentration of this nucleotide on activities
f the l promoters important during the lysis-versus-
ysogenization decision. The most efficient lysogeniza-
ion by phage l occurs when the ppGpp level is slightly
igher than that observed during normal cell growth.
nder these conditions, stimulation of two CII-dependent
romoters whose activities are absolutely necessary for
ysogenization, pE and p I, is the most effective. Moreover,
here is the lowest level of CII-degrading HflB/FtsH pro-
ease at this ppGpp concentration. The cII gene is tran-
cribed from the pR promoter, and again, the activity of
his promoter is the highest at the ppGpp concentration
lose to that ensuring the highest lysogenization effi-
iency. Therefore, at a slightly increased ppGpp concen-
ration, the CII protein, a key regulator driving phage
evelopment to the lysogenic pathway, achieves the
ighest level. Moreover, stimulation of pE and p I promot-
TABLE 6
ppGpp Levels in E. coli Wild-Type Cells and the cyaA, relA, and
spoT Mutants Growing under Amino Acid Limitation Conditions
Host ppGpp concentration (pmol/OD)a
elA1 spoT 1 13
yaA1 relA1 spoT 1 0b
cyaA relA1 spoT 1 1
cyaA relA1 spoT201 5
a Bacteria were cultivated in the NBII medium (6 g/liter Bacto beef
xtract, 10 g/liter Bacto peptone) to OD600 of about 2.5 (to provoke
mino acid limitation), and ppGpp level was measured as described in
aterials and Methods.
b The ppGpp concentration was below the detection limit. During
mino acid starvation or limitation of relA2 spoT1 strains, the ppGpp
evel decreases dramatically due to malfunction of ppGpp synthetase I
because of relA mutation) and inactivation of ppGpp synthetase II in
hese conditions (for a review, see Cashel et al., 1996).rs by CII is optimal under these conditions, ensuring the post efficient lysogenization of the host cell. Both lower
nd higher levels of ppGpp result in less efficient tran-
cription of the cII gene, quicker degradation of its prod-
ct by increased amount of HflB/FtsH protease, and
ower activities of pE and p I promoters. This favors lytic
evelopment rather than lysogenization.
It is worth noting that pE, p I, and paQ promoters, all of
hich are activated by CII, respond differentially to
pGpp concentrations. These results confirm the recent
roposal of Gabig et al. (1998b) that mechanisms of
ctivation of each of these promoters must be different.
Our results also suggest that cAMP may influence the
evel of ppGpp in cells because under conditions of
mino acid limitation, the cyaA mutants, unable to syn-
hesize cAMP, revealed decreased ppGpp concentration
elative to wild-type bacteria. Therefore, one might as-
ume that production of ppGpp could be stimulated or its
egradation could be impaired by cAMP, most probably
ndirectly. On the other hand, increased ppGpp level, due
o overexpression of the relA gene from a plasmid, did
ot suppress impairment of lysogenization of the cyaA
utant, indicating that cAMP and ppGpp can also act
ndependently at particular step or steps of the phage
evelopment control. Because the cyaA mutation has
ittle effect on the level of HflB/FtsH protease, the pro-
osal of Herskowitz (1985) that cAMP (in complex with
RP protein) may activate transcription of a cellular an-
log of the l cIII gene (coding for an inhibitor of the
flB/FtsH protease) seems to still be an attractive hy-
othesis for an explanation of the cAMP-mediated regu-
ation of l lysogenization efficiency, besides the effect of
his nucleotide on ppGpp level.
It was demonstrated previously that replication of
lasmids derived from bacteriophage l (bearing oril as
he only origin of replication) is inhibited during the
tringent response (We˛grzyn et al., 1991) and in un-
tarved cells containing high ppGpp levels (Herman and
e˛grzyn, 1995) due to ppGpp-mediated inhibition of the
R promoter activity (Szalewska-Pałasz et al., 1994). Sub-
equent studies demonstrated that as expected, synthe-
is of bacteriophage l DNA is also impaired by high
pGpp levels in the host cells (Tedin and Blasi, 1996).
owever, it is intriguing why lytic development of bacte-
iophage l is not impaired in the ppGppo host. Although
ctivity of the pR promoter in the absence of ppGpp in the
ells is considerably higher than that measured during
verproduction of ppGpp, decreased activities of the pR
nd pL promoters in the ppGpp
o host relative to wild-type
acteria might suggest that expression of genes indis-
ensable for the lytic growth could be impaired in the
utant cells infected by phage l (see Fig. 1). On the
ther hand, it was demonstrated recently that under
avorable growth conditions (e.g., a wild-type host grow-
ng under standard laboratory conditions in LB medium
ith good aeration), phage l produces at least some
roteins in excess of that needed for its effective prop-
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439ppGpp AND BACTERIOPHAGE l DEVELOPMENTgation; thus efficient lytic growth of the phage may be
chieved even under less favorable conditions (Gabig et
l., 1998c). This may be the case in the ppGppo host,
hen decreased production of phage proteins may still
e sufficient to support effective phage lytic growth.
It also may be intriguing why phage l lytic growth is
ven quicker in the ppGppo host than in wild-type bac-
eria. This could be explained by the fact that expression
f the cII gene, stability of CII protein, and activity of the
E promoter are significantly decreased in DrelA DspoT
utants. It was reported recently that CII-stimulated tran-
cription from pE may indirectly inhibit phage l DNA
eplication (Gabig et al., 1998a). Therefore, the absence
f this inhibition in cells lacking ppGpp may cause
uicker phage lytic development.
MATERIALS AND METHODS
acterial strains, phages, plasmids, and fusions
Most experiments with measurement of the efficiency
f lysogenization and monitoring phage lytic develop-
ent were performed using wild-type MG1655 or N99
trains and their derivatives bearing DrelA251::kan and
spoT::cat alleles (Xiao et al., 1991). To obtain various
asal levels of ppGpp in cells, a previously described
Sarubbi et al., 1988) series of strains derived from CF952
pyrE60 recA56 srl::Tn10) and bearing different relA and
poT alleles were used; these strains were CF952 (relA1
poT 1), CF951 (relA1 spoT 1), CF953 (relA1 spoT201),
F954 (relA1 spoT202), and CF955 (relA1 spoT203).
train SP850 (relA1 spoT201 DcyaA1400::kan thi-1) was
escribed by Shah and Peterkofsky (1991). Strains CA100
nd CA200 were constructed by P1 transduction (Silhavy
t al., 1984) of the DcyaA1400::kan allele from strain
P850 to N99 and CF2678 (as N99 but relA1; obtained
rom M. Cashel, see also Sarubbi et al., 1988) hosts,
espectively. Activities of b-galactosidase were mea-
ured using derivatives of the D(argF-lac)U169 strain
WAM106), described previously by Thomas and Glass
1991), bearing different relA and spoT alleles and har-
oring various fusions. The relA and spoT alleles were
ransferred to WAM106 background by P1 transduction
ccording to Silhavy et al. (1984). Plasmid pALS10 (Svitil
t al., 1993) is a pMB1-derived replicon bearing a full-
ength relA gene under control of p tac and the bla gene.
lasmids pALS13 and pALS14 (Svitil et al., 1993) are
erivatives of pALS10 bearing the truncated but active
nd truncated and inactive relA gene, respectively. Plas-
id pHM675 (Wro´bel et al., 1998) is an analog of pALS13
ut bears pSC101 origin of replication and spectinomy-
in-resistance gene. Plasmids pJMH1 (We˛grzyn et al.,
992) and pMS421 (Herman and We˛grzyn, 1995, and
eferences therein) are pSC101-derived replicons bear-
ng the lacIq allele and a kanamycin-resistance or spec-
inomycin-resistance gene, respectively. Plasmid pMO23
Obuchowski et al., 1997c) is a p15A-derived replicon bearing cII and cIII genes, each under control of p tac, and
he cat gene. Plasmid pMS001 was constructed by clon-
ng the tetracycline-resistance gene (EcoRI–AvaI frag-
ent) from pBR322 (Bolivar et al., 1977) into HindIII site of
MO23 (Obuchowski et al., 1997c). Phages lcI857S7
Goldberg and Howe, 1969), lpapa and lcIb2 (from our
ollection) were used. The following fusions were used:
L-lacZ (Obuchowski et al., 1997b), pR-lacZ (Szalewska-
ałasz et al., 1998), pE-lacZ (Obuchowski et al., 1997c),
I-lacZ (Gabig et al., 1998b), and paQ-lacZ (Gabig et al.,
998b).
nvestigation of phage lytic development
Phage l lytic development was investigated in one-
tep growth experiments as described by Szalewska et
l. (1994).
fficiency of lysogenization
Efficiency of lysogenization of E. coli cells by lcI857S7
hage was estimated as described previously (We˛grzyn
t al., 1992). Briefly, bacteria were grown in LB medium
or in a minimal medium when indicated) at 30°C to
id-log phase. After phage addition (to indicated m.o.i.),
he mixture was incubated for 30 min at 30°C (when
xperiments with induction of ppGpp synthesis from a
lasmid were performed, the incubation time was 5 min),
nd serial dilutions were spread on LB plates and incu-
ated overnight at 30°C. Lysogens were identified
mong survivors as described previously (Arber et al.,
983; see also We˛grzyn et al., 1992). When starvation
as provoked, after cultivation in LB at 30°C the culture
as centrifuged, and the pellet was washed with 0.9%
aCl and resuspended in equal volume of TM buffer (10
M Tris–HCl, pH 7.2, 10 mM MgSO4) 30 min before
ddition of the phage lysate. Further procedures were as
escribed above.
fficiency of spontaneous prophage induction
Efficiency of spontaneous induction of the lcI857S7
rophage was measured according to We˛grzyn et al.
1992).
rophage curing
Bacteria lysogenic with phage l bearing a cI857(ts)
llele were grown in LB medium at 30°C to mid-log
hase and then titrated at 30°C and 43°C on standard LB
lates and plates containing anti-l serum (diluted
:1000). The colonies were scored after overnight incu-
ation at indicated temperatures, and efficiency of curing
as calculated as a fraction of survivors at 43°C on
lates with the serum relative to the number of plated
acteria (titration at 30°C without serum).
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440 SŁOMIN´SKA, NEUBAUER, AND WE˛GRZYNstimation of ppGpp and cAMP concentrations
Concentrations of ppGpp and cAMP were measured
y an isocratic HPLC method according to Neubauer et
l. (1995), with some modifications. Contrary to the pre-
iously reported method, a Gynkotek HPLC system with
he UVD340S diode array detector (Gynkotek GmbH,
ermering, Germany) was used. The ppGpp peak was
nalyzed by the specific guanosine spectrum and quan-
ified by a standard kindly obtained from Prof. R. Wagner
University of Du¨sseldorf, Germany).
easurement of b-galactosidase activity
Activity of b-galactosidase was measured according
o Miller (1972). When multicopy fusions were used, the
opy number of the fusion plasmid was estimated as
escribed previously (We˛grzyn et al., 1996), and the re-
ults are always presented per single copy of the fusion.
estern blotting
Western blotting experiments were performed accord-
ng to We˛grzyn et al. (1995). The polyclonal rabbit anti-
odies against a 16-amino acid peptide fragment of the
tsH protein (the second region of homology, SRH) from
rabidopsis thaliana were provided by Y. Shotland and
. B. Oppenheim (The Hebrew University, Jerusalem,
srael). Fifteen of 16 amino acids of the above-mentioned
eptide are identical to the homologous fragment of the
. coli HflB/FtsH protein, and we have found that these
ntibodies specifically recognize the E. coli HflB/FtsH
rotein.
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